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ABSTRACT
FLUID-STRUCTURE INTERACTION MODELING OF A F/A-18 TWIN-TAIL 
BUFFET USING NON-LINEAR EDDY VISCOSITY MODELS
Ahmed M Nagib M. Elmekawy 
Old Dominion University, May 2014 
Director. Dr. Oktay Baysal
When turbulent flow generates unsteady differential pressure over an aircraft's structure, 
this may generate buffeting, a random oscillation o f  the structure. The buffet 
phenomenon is observed on a wide range o f  fighter aircraft, especially fighters with twin- 
tail. More research is needed to better understand the physics behind the vortical flow 
over a delta wing and the subsequent tail buffet.
This dissertation reports the modeling and simulation o f a steady-state one-way 
fluid-structure interaction for the tail buffet problem observed on a F/A-18 fighter. The 
time-averaged computational results are compared to available experimental data. Next, 
computations are extended to simulate an unsteady two-way fluid-structure interaction 
problem o f the tail buffet o f  a F/A-18 fighter.
For the modeling herein, a commercial software ANSYS version 14.0, is 
employed. For the fluid domain, the unsteady Reynolds-averaged Navier Stokes 
(URANS) equations with different turbulent models are utilized. The first turbulence 
model selected is the modified Spalart-Allmaras model (SARRC) with a  strain-vorticity 
based production and curvature treatment. The second turbulence model selected is the 
Non-linear Eddy Viscosity Model (NLEVM ) based on the Wilcox k—co model. This 
model uses the formulation of an explicit algebraic Reynolds stress model. The structural
simulation is conducted by a finite element analysis model with shell elements. Both 
SARRC and NLEVM turbulence models are in ANSYS software.
The experimental data used for validation were conducted on a simplified 
geometry: a 0.3 Mach number flow past a 76-deg delta wing pitched to 30-deg. Two 
vertical tails were placed downstream o f the delta wing.
The present work is the first ever study o f  the tail buffet problem o f the F/A-18 
fighter with two-way fluid-structure interaction using the two advanced turbulence 
models. The steady-state, time-averaged, one-way fluid-structure interaction case o f  the 
present investigation indicates that simulations employing the NLEVM  and SARRC 
turbulence models do not match the experimental data. These results are somewhat 
expected for the steady-state, one-way simulation, because it involves no force and 
displacement transfer between the fluid and structural domains.
For the unsteady two-way fluid-structure interaction case, both models result in 
more favorable agreement with the experimental data by optimizing the available 
computational resources particularly when compared to prior simulations by other 
researchers. Results from the NLEVM model produce improved pressure predictions on 
the tail as compared to the results from the SARRC model.
Based on the simulation results, it is concluded that the buffet problem should be 
simulated as a two-way fluid-structure interaction. The NLEVM turbulence model is 
recommended in predicting vortical flow characteristics over a delta wing. The NLEVM 
turbulence model is necessary to predict the pressure distribution not only over the 
aircraft surface but also the tails since they experience the wake o f vortices.
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ajj Anisotropic Component o f  Reynolds stress tensor
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e Specific internal energy
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k Turbulent kinetic energy
k f Heat Transfer coefficient
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Pi Heat flux vector
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u t Instantaneous velocity vector
Hi Time averaged velocity vector
ul Turbulent fluctuating velocity
x t Position vector
x, y , z Cartesian coordinates
r e f f Effective eddy viscosity coefficient for NLEVM  model
Cr Model constant for NLEVM  model
Cprod. Model constant for SAR turbulence model
Cv i Model constant for Spalart-Allmaras turbulence model
D,D Model constants for SARC turbulence model
E Total energy
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Greek Symbols
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P
Identity matrix
Invariants o f strain-rate and rotation tensors
Mach number
Pressure
Production term in u> equation 
Production term in k  equation 
Specific gas constant 
Reynolds number
Magnitude o f vorticity; Magnitude o f  strain-rate tensor 
Strain-rate tensor 
Mean strain-rate tensor 
Temperature
Mean flow velocity vector
Structural mass matrix
Structural damping matrix
Structural stiffness matrix
Nodal acceleration vector
Nodal velocity vector
Nodal displacement vector
Applied load vector due to Aerodynamic Loads
Angle o f  incidence (attack)
Model constant for k  — (o model
Model coefficient for NLEVM  model
Closure coefficient for k  — co model
Kronecker delta, <5^  =  1 i f  i = j  an d  S tj  =  0 i f  i =£ j
Alternating symbol
Molecular viscosity
Hr Turbulent eddy viscosity
v  Kinematic viscosity, v  =  p / p
v  Spalart-Allmaras equation working variable
p Density
p Time-averaged density
a* k  — a) model constant
Tjj  Viscous stress tensor
rfj Reynolds stress tensor
X Model function for Spalart-Allmaras model
a) Dissipation per unit turbulence kinetic energy
ooj Vorticity vector
n  Magnitude o f rotation sensor
fiij Rotation Tensor
D-ij Mean rotation tensor
fi^ot Rotation Tensor with respect to the reference frame
Acronym s
ANSYS Fluent Used fluid solver
ANSYS Mechanical Used structural solver
CFD Computational Fluid Dynamics
LES Large Eddy Simulations
LEX Leading edge extension
DES Detached Eddy Simulation
DNS Direct Numerical Simulation
NASA National Aeronautics and Space Agency
NLEVM Non-Linear Eddy Viscosity Model
RANS Reynolds Averaged Navier Stokes
RMS Root Mean Square
SA Spalart-Allmaras
SAR Spalart-Allmaras with Rotation Correction
SARC Spalart-Allmaras with Rotation/Curvature Correction
SARRC Spalart-Allmaras with Rotation and Rotation/Curvature
Corrections
SOLID186 Type o f the shell element used in the structural solver
URANS Unsteady Reynolds Averaged Navier Stokes
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1CHAPTER 1 
INTRODUCTION AND LITERATURE REVIEW 
1.1 Introduction
In this chapter, the literature review o f previous experimental and numerical 
investigations for the tail buffet problem induced by vortical flow over a delta wing is 
presented. The motivation and objectives o f  this dissertation are presented.
1.1.1 The Buffet Problem
The airframes o f modem high speed aircraft have suffered from aeroelastic tail buffeting 
problems for decades [1], This tail buffeting is stimulated by the differential pressure 
caused by the unsteady turbulent flow over delta wing fighters. The tail buffeting may 
lead to failure o f structural components o f m odem  high speed aircraft and reduces 
mission availability and performance. Tail buffet increases the cost o f  inspection, repair 
and replacements [2]. Moreover, restrictions on the angle o f  attack and speed at which a 
certain maneuvers can be flown are forced and limited during missions as shown in 
Figures 1.1 and 1.2 [3], This aeroelastic phenomenon still remains one o f  the most 
challenging problems in aerospace design. A better modeling o f the turbulent flow is 
required for current and future modem high performance aircraft.
The first recorded tail buffet problem was the loss o f  a small transport airplane in 
England in 1930 [4], Buffet problems affect a wide range o f  fighters, but it plagues the 
twin-tail fighter aircraft particularly [5]. Since twin-tail configuration are selected for 5th 
generation fighters such as the American F-35 and the Russian Sukhoi PAK FA (T-50), 
as shown in Figures 1.3, 1.4 and 1.5, more research and experimental data should be
2conducted for a better understanding o f  the physics o f  vortical flow over delta wing and 
the corresponding tail buffet.
Figure 1.1 .Vortices from the leading edge o f a twin-tail fighter aircraft, generated at high 
angle o f attack, breakdown upstream o f the vertical tail [6].
Figure 1.2.Vortices breakdown upstream o f the vertical tail [7].
3Figure 1.3. The American F-35 [8]
4J-31 J-20 T-50 PAK FA F-22A F-35C
J^T i^ i y ji™*™ m T  7"nT
Figure 1.5. Examples o f  the 5th generation fighters [10].
The first discovery of a tail buffet problem for m odem  fighter aircraft was the F- 
15 manufactured by McDonnell Douglas. Fatigue cracks were discovered, and 
subsequent investigations showed that tail buffet was the reason [5]. Maintenance and 
replacement o f F-15 vertical tails due to cyclic load damage was five to six million 
dollars per year in 1998. There are other fighter aircrafts with twin-tail such as the F/A-18 
and the F/A-22, which suffer from buffet problem [3].
The buffet problem also occurs in single tail fighters such as the F-16 
manufactured by General Dynamics, which suffers ventral fin damage due to buffet. 
Early in the 1980s, when the Low Altitude Navigation and Targeting Infrared for Night 
{LANIRN) pods were installed, ventral fin failure was observed. Figure 1.6 shows the 
ventral fin failure following the first F-16 flight with LANTIRN  pods [2], Previous flight 
trials and wind tunnel tests have shown that a significant portion o f  the fatigue damage on 
the vertical fin was caused by stresses resulting from the first bending and first torsion 
vibration modes o f the vertical fin. The frequency content and the intensity o f  the fin 
buffet load vary primarily as a function o f  angle o f  attack and the dynamic pressure [11].
5The F/A-18 A/B buffet problem was first observed early in service deployments 
when cracks were found on the root stub structure. A special inspection on the tails o f 
F/A-18 is recommended every 200 flight hours due to fatigue problems that lead to safety 
problems and high maintenance costs [12]. Lee et al. [13], Lee and Valerio [14] and 
Thompson [15] showed that the pressure fluctuations formed by the breakdown o f 
vortices over the upper surface o f  the F/A-18 delta wing are the cause o f  the tail buffet at 
high angle o f attacks. The dominant frequency o f  this pressure fluctuation was near the 
natural frequency o f the primary mode o f the tails; therefore, the tails vibrated with larger 
amplitude than expected.
Figure 1.6. Ventral fin failure o f  F/16 following its first flight with LANTIRN  [2],
6The F/A-18 was selected for the present research because it was the test bed for 
many research organizations such as NASA [13], Technical Cooperation Program 
(TTCP), which consists o f the defense departments o f  five nations (Australia, Canada, 
New Zealand, United Kingdom, and the United States), and the International Follow On 
Structural Test Program (IFOSTP) by Canada and Australia [15 and 16]. The F/A-18 was 
selected by these organizations because it gives a good example o f  the leading edge 
extension vortical flow generated by future generations o f  fighter aircraft.
1.1.2 Vortical Flow over Delta Wing
A better understanding and explanation o f the physics o f  vortical flows around an aircraft 
has challenged aerodynamicists for decades. Non-linear vortex lift was identified since 
the concept o f  swept aircraft wings was introduced. The sweeping o f an aircraft wing 
delays the onset o f compressibility effects and achieves better performance at high angle 
o f attacks [17].
A comparison between the non-linear vortex lift to the total lift o f  a slender sharp 
delta wing is shown in Figure 1.7. As described by Floeijmakers [18], these vortical 
structures are commonly formed by shear layer separation which begins at the leading 
edge o f highly swept wings at high angle o f  attack. The shear layer rolls up starting from 
the leading edge and develops a stable vortex. This vortex generates high velocity and 
low pressure on the upper surface o f the delta wing which leads to additional lift forces. 
The vortical flow features over a delta wing are shown in Figures 1.8 and 1.9. Polhamus 
[19] published a comprehensive review o f  the evolution o f  the slender wing in vortex lift 
research.
7Total l»ft
O nset of vortex 
breakdow n \
Vortex
hit
0 8
o
0  6
0  4
Potential 
flow lift
2 0 * 3 0 ' ~4Q'
Figure 1.7. Non-linear contribution o f  vortex lift to total lift [17].
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Figure 1.8. View o f leading-edge (primary) vortex and secondary vortex with upper-side
surface flow directions [20].
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Figure 1.9. Sharp edged slender wing vortex flow [21].
1.2 Previous Experimental Investigations
Various experiments have been performed on the F/A-18 aircraft, including small-scale 
wind and water tunnels, full scale wind tunnel and flight tests [1]. Some o f the important 
sub-scale and full-scale test results will be briefly discussed in this section.
1.2.1 Sub-scale Experimental Tests
Sellers [22], Erickson [23] and Wentz [24] performed experimental investigations on a 
sub-scale model o f the F/A-18 and observed that at angles o f  attack o f  25-deg and higher, 
the breakdown o f leading edge extension vortices occurred downstream o f the vertical 
tails. Based on the experimental data o f  a 6% scale model o f  the F/A-18, Erickson [23] 
found that the leading edge extension vortices are dominant when compared with the 
weak forebody vortices at all Mach numbers.
Figure 1.10 shows a typical dye picture o f  a 1/72 scale model at a Reynolds 
number o f 500 and angle o f attack o f 30-deg taken by Lee [25], showing the vortex core
9transition from tight shape to the breakdown point where a sudden expansion occurs. Lee 
observed asymmetry between the left and right vortex breakdown positions with a scatter 
o f typically 5 - 10%. Moreover, it was found that by increasing the angle o f attack the 
breakdown point moves upstream.
The experimental data used in the numerical simulation in this dissertation were 
published by Washburn et al. [26]. A simplified geometry o f a rectangular plate and 
subsonic flow at a Mach number 0.3 over a 76-deg delta wing at angle o f  attack o f 30-deg 
was employed. Two vertical tails were placed downstream of the delta wing. Although 
Washburn used a simplified model to isolate the primary flow feature o f  concern (the 
leading edge extension vortices), his result showed similarities between the buffet flow 
characteristics o f the simplified geometry and the F/A-18 flight test data.
A rigid 16% full-span model o f  the F/A-18 aircraft was tested by Moss et al. [27] 
for a range o f Mach numbers from 0.3 to 0.5 and angle o f  attack range from 10 to 40-deg. 
The results showed that the largest response due to pressure fluctuation occurred in the 
first bending mode and the largest buffet response happened at a Mach number 0.3 when 
compared to other Mach numbers. It was observed that the response increased as the 
dynamic pressure was increased.
Based on the findings o f  Moss [27], Sellers [22] and W ashburn [26], the 
numerical simulation in the present dissertation will be conducted for a simplified 
geometry o f 76-deg swept, rectangular plate at a Mach number 0.3 and at an angle o f 
attack o f 30-deg. This configuration was selected to get the breakdown position o f  the 
vortices upstream o f the vertical tail, as the largest buffet response occurs at these 
particular set o f  parameters.
10
Figure 1.10. (a) Side view, (b) plan view o f  the CF-18 aircraft model and vortex at angle
o f attack o f 30-deg [25].
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1.2.2 Full-scale Experimental Tests
In the full scale 80 ft x 120 ft wind tunnel o f  the National Full-Scale Aerodynamic 
Complex, the NASA Ames Research Center performed full scale buffet tests over the 
range o f angles o f attack from 18 to 50-deg. The side slip angle varied from 0.15 to 15- 
deg to provide a comparison between full-scale data and sub-scale wind tunnel model 
data [28, 29, 30, and 31].
A comparison between flight test, full-scale wind tunnel data and the sub-scale 
wind tunnel data for the F/A-18 was published by Meyn et al. [32]. Another comparison 
between the full scale tail buffet data at NASA Ames and the 16%-scale model was 
conducted by Moses and Pendleton [33]. Both M eyn et al., Moses and Pendleton showed 
that the sub-scale tests are adequate for estimating the characteristics o f  the differential 
pressure on the tail.
Figure 1.11 shows a typical flow visualization o f the leading edge extension 
(LEX) vortex o f the F/A-18 at side slip angle o f-1 .4 -deg  and angle o f  attack o f 25-deg. 
The picture captured by Fisher [34] shows the path and the breakdown o f the vortex.
1.3 Previous Numerical Investigations
1.3.1 Tail Buffeting Simulations
The first computational simulation o f the tail buffet problem was conducted by Kandil et 
al. [35]. A 76-deg swept delta wing and a single tail configuration were utilized. The flow 
was modeled by laminar, unsteady and compressible Navier-Stokes equations. The tail 
was modeled as a beam. No comparison between the simulation and experimental data 
was reported.
Figure 1.11. Flow visualization o f LEX vortex core o f  the F/A-18 at angle o f  attack o f 
25-deg and side slip angle o f -1 .4-deg [34].
Kandil, Sheta and Massey [36] studied the tail buffet problem by using a 76-deg 
delta wing and twin-tail configuration. The flow was modeled by unsteady, compressible, 
full Navier-Stokes equations. Only uncoupled bending-torsion response was studied. The 
simulation results were not validated with experimental data.
Sheta [37] and Massey [38] studied the tail buffet problem by using a 76-deg delta 
wing and twin-tail configuration. Rigid and flexible tail configurations at different Mach 
numbers were simulated. The flow was modeled by unsteady, compressible, full Navier- 
Stokes equations. Coupled bending-torsion response o f the tail was studied. The 
simulation results were validated with experimental data.
Findaly [39] simulated the buffet response o f a rigid and flexible tail 
configurations and delta wing by using coupled dynamic aeroelastic analysis. The results
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showed under-prediction o f the buffet pressure and showed that the rigid tail 
computations over predicted the flight data.
Leviniski [1] studied the buffet response o f  a rigid and flexible tail configurations 
and delta wing by using aeroelastic model. Unsteady vortex model was used for the fluid 
domain. Coupled aeroelastic equations for the bending and torsional deflections o f  the 
tail were used for the structural domain. The results showed under-prediction o f  the 
buffet pressure and showed that the rigid tail computations over predicted the flight data.
Sheta 2003 [40] employed the fluid dynamics module CFD-FASTRAN and three- 
dimensional direct finite element analysis to simulate the buffet response o f a full scale F- 
A/18. The alleviation of the tail buffet by using LEX fens was studied. The results 
showed under-prediction o f  the buffet pressure.
Guillaume et al. 2010 [41] employed the Navier-Stokes Multi Block (NSMB) 
CFD code and unsteady aeroelastic coupling algorithm to simulate the buffet pressure o f  
a full F/A-18 model. DES algorithm with Spalart-Allmares and k  — a> Menter Shear 
Stress turbulence models were used. The results showed a 30% deviation o f the RMS 
pressure coefficient o f the numerical data and flight test data at angle o f  attack o f  30-deg.
Table 1.1 lists the average error between the computed RMS pressure values by 
different researchers and the experimental data. All the researchers listed in Table 1.1 
conducted two-way fluid-structure interaction simulations o f  the tail buffet o f F/A-18 but 
used linear eddy viscosity model turbulence models. In this dissertation, non-linear eddy 
viscosity turbulence models will be used to simulate the tail buffet o f  F/A -l 8 fighter.
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In Chapter 3, the computed RMS non-dimensional pressure distribution o f  the 
inner and outer surfaces o f  the tail will be computed and compared with the experimental 
data by Washburn [26].
Table 1.1. Comparison o f the numerically computed RMS non-dimensional pressure 
distribution on the tail surface by different researchers.
Researcher Average error between the computed RMS pressure values and Experimental data
F/A-18 model
Massey [38] 63% Simplified Geometry
Leviniski [1] 40% Simplified Geometry
Sheta [40] 37% Full-scale
Guillaume [41] 32% Full-scale
1.3.2 Computational Fluid Dynamics Simulations of Delta Wing Vortical Flows
The choice o f  the turbulence model to use for the CFD rendering o f the vortex flow is 
critical to the success o f understanding and controlling the buffet [42]. The current 
approaches, in increasing complexity, range from inviscid, laminar, Unsteady Reynolds 
Averaged Navier-Stokes (URANS), Detached Eddy Simulation (DES), Large Eddy 
Simulation (LES) to the Direct Numerical Simulation (DNS) method. The trade-off 
between computational resources and the solution fidelity, when compared to 
experimental data, affects the choice o f  the turbulence model. Below is a comparison 
between the turbulence models and their capability to model the vortical flow:
1. Euler simulation, although it is capable o f  capturing and predicting the vortical 
interaction and breakdown, is not capable o f  predicting secondary separation.
2. Unsteady Reynolds Averaged Navier-Stokes (URANS) can predict the secondary 
separation successfully. However, it predicts a higher level o f  the turbulence in the 
vortex core, which leads to a failure in predicting the vortex breakdown. Some
15
treatments to the turbulence models [43] can limit the production term in the strain 
tensor in vortex core. The computation cost is higher than Euler, but much less than 
DES, LES and DNS.
3. Detached Eddy Simulation (DES) [44] has been used to solve the problem of 
predicting high level o f turbulence in the vortex core by using Large Eddy Simulation 
(LES). DES is implanted by using URANS model at boundary layer near the wall 
where LES computational cost would be high at a typical flight Reynolds numbers 
and using LES away from walls. Although some promising results were published by 
using DES, the simulation is more costly than URANS in terms o f  finer grid and 
smaller time step that are required.
4. Finally, Large Eddy Simulation (LES) and Direct Numerical Simulation (DNS) [45]
can be used and give a better result from the previous methods but at the expense o f 
the required computational resources especially at flight Reynolds numbers due to the 
required grid refinement and small time step.
The URANS method will be used in this dissertation. This method can capture 
the flow characteristics efficiently and it is relatively inexpensive when compared to 
DES, LES and DNS.
1.3.2.1 Turbulence Modeling for Unsteady Reynolds Averaged Navier-Stokes 
(URANS) Method
To determine the suitable turbulence model for vortical flow which gives better results 
compared to experimental data, more research should be conducted [46]. The following 
are some examples demonstrating this necessity.
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Grodnier [47] used the standard linear k  — <o turbulence model to predict the flow 
over a 65-deg delta wing and a Mach number 0.37. It was concluded that the linear k  — a> 
turbulence model predicted an excessive amount o f  eddy viscosity in the vortex core 
which lead to weaker vortices, and it was recommended not to use the linear k  — a) 
turbulence model for this type o f flow.
To solve the problem o f  the higher eddy viscosity around the primary vortex core, 
some modifications to the linear k  — co turbulence model were proposed based on 
limiting the production o f the turbulent kinetic energy, Pk, in the vortex core region by 
taking the rotation o f the vortex into account. Another modification enhanced the 
production o f the dissipation rate, Pw, to reduce the eddy viscosity in the vortex core. 
These two modifications were not used in the simulations conducted in this dissertation.
Brandsma et al. [43] investigated the effect o f  the previous two modifications to 
the linear k  — 0) turbulence model on a 65-deg cropped delta wing at a Mach num ber 0.8 
and an angle o f attack o f  10-deg. It was concluded that the modification which utilized 
the enhancement of the production of the dissipation rate, Pw, gave a better result when 
compared to the experimental data and should be used for future simulation o f  the 
vortical flow compared to the modification which limited the production o f  the turbulent 
kinetic energy, Pk. The modification, which limited the production o f the turbulent kinetic 
energy, Pk, was found to be more diffusive than the production o f the dissipation rate, Pw, 
enhancement modification and was not able to reduce the turbulence in the vortex core 
adequately.
Wallin, Johansson [48], and Hellsten [49] proposed a modification to the standard 
linear Wilcox k — a) turbulence model [50, 51] for vortical flows by using a non-linear
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eddy viscosity model (NLEVM). This NLEVM is based on an explicit algebraic 
Reynolds stress model by adding an extra anisotropic Reynolds stress term to 
Boussinesq's approximation. An increase o f the dependence o f the NLEVM model 
behavior on the mean rotation tensor has been achieved. More details can be found in 
[52, 53 and 54], The NLEVM turbulence model will be used in this dissertation.
Dol et al. [55] compared NLEVM and the two modifications used by Brandsma 
[43] by studying the flow over a 65-deg cropped delta wing. Dol concluded that the 
NLEVM and the two rotation correction turbulence models give better results when 
compared to the standard k — co model. The two rotation correction models over 
predicted the suction peak on the surface o f  the wing. Moreover, the NLEVM showed a 
better agreement with the experimental data. Dol recommended the NLEVM for 
capturing the vortical flow over delta wings.
Soemarwoto and Boelens [56] studied the effect o f NLEVM over delta wing flow 
and concluded that using NLEVM yielded improvement in moment coefficient and 
pressure at the wing tip region.
Schiavetta et a l  [57] studied the flow over a delta wing and compared NLEVM  
and SA turbulence models and DES. Schiavetta concluded that the NLEVM  turbulence 
model could capture the flow characteristics with acceptable accuracy when compared to 
DES results for the same grid. Schiavetta also indicated that NLEVM  is adequate to 
model the behavior for the purpose o f predicting buffet response because it captures the 
main frequencies o f  the flow.
To solve the problem o f the higher eddy viscosity around the primary vortex core, 
some modifications to the Spalart-Allmaras turbulence model [58] were proposed by
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Mariani et al. [59 and 60], Spalart and Shur [61] and Shur et al. [62], These modifications 
are based on reducing the turbulent eddy viscosity in high rotational flows. These 
modifications will be used in this dissertation by using Spalart-Allmaras turbulence 
model with Rotation and Rotation/Curvature Corrections (SARRC).
Morton et al. [63 and 64] studied the vortical flow over a 70-deg semi-span delta 
wing and compared Spalart-Allmaras (SA), Spalart-Allmaras with a Rotation Correction 
(SARC), M enter s Shear Stress Transport model (SST), and DES computations with the 
experimental data. Morten indicated that SA and SST turbulence models are unable to 
resolve the majority o f the frequency content o f the steady-state results. Although SARC 
showed an improved spectrum before breakdown, it did not capture the mid to high 
frequencies after the breakdown. Moreover, DES showed more accurate results o f  the 
vortex breakdown behavior.
1.4 Motivation
As observed from the literature survey, many simulations have been conducted by 
using linear eddy viscosity models on the two-way fluid-structure interaction o f  the tail 
buffet o f the F/A-18 fighter. Previous simulation results, however, overpredict the 
pressure on the tails. The URANS method is relatively inexpensive and does not require 
as finer a grid or as smaller a time step as compared to DES, LES and DNS, yet it is 
capable o f predicting the buffet response. It captures the main frequencies o f  the flow 
oscillations. The two non-linear eddy viscosity turbulence models, NLEVM and 
SARRC, may be the way to capture the buffet problem o f the flow over delta wing, since 
they depend more on both rotation and strain-rate. Both SARRC and NLEVM  turbulence 
models are in ANSYS software. NLEVM  and SARRC turbulence models should add
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more fidelity to the simulation when compared to experimental data. The present work is 
the first ever study of tail buffet problem o f the F-A/18 fighter with two-way fluid- 
structure interaction and using the two advanced non-linear eddy viscosity turbulence 
models: NLEVM and SARRC.
1.5 Objectives
As a baseline, the simulations will be conducted for the one-way fluid-structure 
interaction simulations by incorporating the SARRC and NLEVM turbulence models. 
Then, the two-way fluid-structure interaction simulations will be performed, again using 
SARRC and NLEVM turbulence models. A comparison between the RMS values o f  the 
pressure on the tail at five different locations will be conducted. The hypothesis is such 
that, this never before tried approach, a two-way fluid-structure interaction coupled with 
non-linear eddy viscosity turbulence models, should produce closer results o f  the 
differential pressure on tail surfaces when compared to the available experimental data, 
within the optimized available computational resources. This differential pressure forces 
the tails to oscillate that is known as buffet.
1.6 Dissertation Outline
In this dissertation, Chapter 2 o f  presents the governing equations for structural and CFD 
simulations, turbulence models, mesh details and experimental data used in the 
investigations. Chapter 3 presents the results and discussion o f the numerical simulations 
to show the ability o f  the turbulence models to predict the unsteady behavior o f  the 
subsonic flow and the pressure affecting on the tail surface. Finally, Chapter 4 reports 
overall conclusions and recommendations for future research.
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CHAPTER 2 
METHODOLOGY OF COMPUTATIONAL FLUID DYNAMICS & 
COMPUTATIONAL STRUCTURAL DYNAMICS INVESTIGATIONS 
2.1 Introduction
In this chapter, the governing equations for both fluid and structural models are 
presented. The primary references for the governing equations are given by [65, 50 and 
46]. The commercial ANSYS software is used in this dissertation to perform the 
simulations. The element and grid selection in ANSYS are presented. In addition, the 
validated experimental data by W ashburn [26] will be presented.
2.2 The Navier-Stokes Equations
The Navier-Stokes Equations are a set o f Partial Differential Equations (PDEs) which 
describe the conservation laws for mass, momentum and energy, given by,
• Mass, the continuity equation,
where T,y is s the viscous stress tensor, and is proportional to the strain-rate tensor for a 
Newtonian fluid, and is given by,
dp , d(pttj) _  Q
at ax* (2 .1)
• Momentum
apu, d(pujUj) _  _  ap a-qj
at axi axj ax; (2 .2)
Tjj =  2 \iSij (2.3)
where the viscous strain-rate tensor 5 i; is given by,
(2 .4)
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• Energy
d(pE) d(pi/,E) _  d(pUj)
d t  dxj 3xj (2 .5)
where E is the total energy o f the fluid and is given by
E =  P (e  +  iu jU j)  . (2.6)
The heat flux vector, q, is given by Fourier’s Law and is given by,
(2.7)
where k T is the heat transfer coefficient.
The equations o f  state for a perfect gas is given by
P = p R T . (2 .8)
where R is the specific gas constant.
This set o f equations provides a complete description o f  the three-dimensional newtonian 
fluid flows considered in this dissertation.
2.3 Turbulence Modeling
2.3.1 Reynolds Averaging Approach
Reynolds averaging is used to simplify Navier-Stokes equations by decomposing the 
instantaneous flow into a mean flow and turbulent fluctuations, which is known as the 
Reynolds decomposition, as follows
where t/j is the mean flow velocity and u[ is the fluctuating velocity due to turbulence.
By substituting into Navier-Stokes equations then taking the average, the Navier- 
Stokes equations for incompressible flow reduce to
u t = Ut + u '. (2.9)
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Boussinesq's approximation assumes that the anisotropic Reynolds stresses, (ajj = 
u[u'j-2l3  k5jj) are proportional to the mean strain rate and can be expressed as,
a ij =  —2 p x S (J. ( 2 .1 1 )
This introduces a viscosity parameter, known as the turbulent eddy viscosity, pT. 
As the Reynolds stresses also include an isotropic part, Boussinesq’s eddy viscosity 
approximation becomes,
xjj =  -p u ju ;  =  2pT50 -  fpkS ij (2.12)
where k is the specific turbulent kinetic energy o f  the turbulent fluctuations, given by:
There are two assumptions being made in Boussinesq’s approximation: 1) The 
anisotropic Reynolds stresses can be defined at each point in space and time by the mean 
velocity gradients and 2) The turbulent eddy viscosity is a scalar property o f  the flow, 
meaning that the relationship between the anisotropy and the velocity gradient is linear. 
For a more detailed explanation refer to [65, 50].
2.4 Application of Turbulence Models to Delta Wing Vortical Flows
The velocity gradients o f the flow are the components o f  a second-order tensor and can 
be resolved into isotropic, symmetric-deviatoric and anti-symmetric parts [65], The 
decomposition is shown in Equation 2.14 where the strain rate tensor, Sy,-, is the 
symmetric-deviatoric part, and the rotation tensor, fly, is the anti-symmetric-deviatoric 
part,
The strain-rate tensor was defined in Eq. 2 .4  and the rotation tensor is g iven  by,
( d u j _  _  3mA 
Vdxj d x j (2 .15)
The rotation tensor is related to the vorticity o f  the flow,
w i — —£ijk^jk (2.16)
where £jjk is the alternating symbol.
The product o f the velocity gradient and the Reynolds stress tensor is the 
production o f turbulent kinetic energy,
Four Turbulence models will be presented in the following sections.
2.4.1 Wilcox fc — to Model
Wilcox [50 and 51] proposed the k  — co two equation turbulence model which is based 
on Boussinesq’s approximation. Two flow parameters are utilized to calculate the eddy 
viscosity, k, specific turbulent kinetic energy and, w, the specific dissipation rate per unit 
turbulent kinetic energy. The kinematic eddy viscosity for this model is given by
Two transport equations are added to the Navier-Stokes equations in the solution 
o f the flow. The transport equation for the turbulent kinetic energy is given as
(2.17)
k (2.18)Pt  =  P -  •Ol)
(  ( tnvc 'c lion D i f fu s io n
+ Pk - p ' p k a
‘- v J -V 1
P r o d u c t i o n  D i.s .ss ip a io n
(2.19)
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Eq. 2.19 includes convection, diffusion, production and destruction terms as 
indicated, so it is similar in form to the momentum equations given in Equation 2.2. The 
transport equation for the dissipation, ra, takes a similar form and is given in R ef [50], To 
understand how this model applies to delta wing vortical flows, it is necessary to consider 
the production terms. The production o f  the turbulent kinetic energy was defined in Eq. 
2.17 and the corresponding term for the dissipation rate is given as
Pw =  a f P k. (2.20)
As mentioned, this model uses Boussinesq’s approximation to calculate the 
Reynolds stresses and, therefore, the production term is expanded to become
Pk =  2 VrStjSij. (2.21)
Based on Eq. 2.20 and 2.21, the production o f k  and to within this model are only 
dependent on the mean strain-rate o f  the flow. No rotation rate was taken into account. 
This simplification o f the model results in a large over-production o f  turbulence within 
the vortex core. This over-production o f  turbulence causes the model to predict
exaggerated levels o f vorticity diffusion. This results in the prediction o f a weak vortex.
2.4.2 Non-Linear Eddy Viscosity Model (NLEVM)
To model the Reynolds stresses, the non-linear eddy viscosity model (NLEVM) is 
introduced. The NLEVM is based on the Wilcox k  — a) model and uses the formulation 
o f an explicit algebraic Reynolds stress model proposed by Wallin, Johansson [48], and 
Hellsten [49],
An extra term is introduced to the calculation o f the anisotropic Reynolds stresses 
as defined by Boussinesq’s approximation,
aij =  - 2 p TSl7 +  afjex). (2.22)
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The extra term creates a non-linear relationship for the Reynolds stresses due to its
dependence on both the mean strain rate and rotational tensors. The equation for the 
Reynolds stresses then will be
UJTt; =  k (§S ij -  2nT5y  +  a lp ’) .  (2.23)
In this model, the mean strain rate and rotation tensors are normalized by the 
turbulent time scale, x , i.e. S  =x and Q  = x where
T  =  m a x f e - S p 3 -  < 2 - 2 4 >
The extra anisotropy term is a reduction o f the general form o f used in explicit 
Reynolds stress models, and contains ten tensorally independent terms. The reduced 
form, with tensor subscripts omitted, is
a(ex) = p3 (n2 - \ u a i) + p6 (sft2 + &2s -  nns — \ iv  i) + p9(osn2 -  n2sn) (2.25)
where I is the identity matrix. Iln  and IV  are two o f the independent invariants o f  S and 
Q .The model constants are detailed in R ef [49],
In addition to introducing this new anisotropic term, the calculation o f the 
turbulent eddy viscosity is also modified from the k  — o> model and takes the following 
form,
pT =  C®ffpkx (2.26)
where
C ^ - j C P i  +  Z/aPe). (2-27)
From this definition o f  the turbulent eddy viscosity it is clear that the behavior o f  the 
rotation tensor is also taken into account.
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To consider the behavior o f  this model in the prediction o f  vortical flows, the 
production o f turbulence should again be considered. This also now has an additional 
term and takes the following form,
From this relationship, the extra term clearly acts to reduce the turbulent production from 
the original model. The value o f the extra anisotropy will increase and, therefore, reduce 
the turbulence within the vortex core. The levels o f  turbulent eddy viscosity also 
decreases in this region, further reducing the levels o f  turbulence in the flow.
2.4.3 Spalart-Allmaras Model
A single equation for a working variable v in the one-equation Spalart-Allmaras model 
[58] is based on Boussinesq’s approximation. The v term is related to the turbulent eddy 
viscosity o f  the flow by the following relationship
The single differential equation which defines this model was derived empirically using 
arguments based on dimensional analysis, invariance, and molecular viscosity. The origin 
o f each term is described in detail in Ref. [58]. The transport equation for the undamped 
eddy viscosity, v, is given as
(2.28)
pT = pvfvi- (2.29)
P r o d u c t i o n
D issip a tu n( 'onvec/ton
where
(2.31)
V
(2 .32)
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(2.33)
fv  2 — 1
X (2.34)
l + X f v  1
S =  72l V ^ (2.35)
where Cv l. and k  are constants, d  is the distance from wall, v is the molecular viscosity 
and 5 is a scalar measure o f the deformation tensor and is based on the magnitude o f  the 
vorticity. All model coefficients and definitions are detailed in R ef [58]. Ojj is given by 
Equation 2.15.
As previously indicated, the general form o f the equation is similar to the 
momentum equations given by Equation 2.2 and includes convection, diffusion, 
production, and destruction terms. The wall destruction term is derived to reduce the 
turbulent viscosity in the laminar sublayer.
After calculating the turbulent eddy viscosity using the transport equation, 
Boussinesq’s approximation is used to determine the Reynolds stresses and close the 
Navier-Stokes equations. As a Boussinesq’s approximation based model, the Spalart- 
Allmaras model suffers from the same problems as the standard Wilcox k— co model 
discussed previously. Due to the use o f  the strain-rate tensor in the calculation o f  the 
Reynolds stresses, the model may predict unrealistic contributions o f the Reynolds 
stresses in regions o f high rotational flow such as the vortex core.
2.4.4 Spalart-Allmaras Model with Rotation and Rotation/Curvature Corrections 
(SARRC)
Corrections proposed to enable the SA turbulence model to predict the vortical flow 
behavior were the rotation and rotation/strain. Both o f these corrections will be used in
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this dissertation.
2.4.4.1 Spalart-Allmaras Model with Rotation Correction (SAR)
Mariani et al. [59 and 60] proposed a correction for the SA model to reduce the turbulent 
eddy viscosity in high rotational flows such as a vortical flow. The reduction in the eddy 
viscosity production was done by reducing the production o f eddy viscosity where the 
measure o f vorticity was greater than the strain rate. In this modification, Equation 2.35 is 
replaced by
and Sij is given by Equation 2.4.
To select this correction in the fluid solver used herein, ANSYS Fluent, the 
Strain/Vorticity production option was chosen under the Spalart-Allmaras production in 
the Spalart-Allmaras turbulence model dialogue box [66],
2.4.4.2 Spalart-Allmaras Model with Rotation/Curvature Correction (SARC)
A modification o f the production term Cb lv S  for the SA model were proposed by Spalart 
and Shur [61] and Shur et al. [62] to account for the rotation and curvature by reducing 
the turbulent eddy viscosity in regions with high vorticity. The modification includes 
multiplying the production term Cb lvS  o f  the SA model by the rotation function, f r l ,
S  = |Aij| +  Cprod m in(0 , |Siy| -  |Xlij|) (2.36)
where
Cprod = 2.0, |f ijj | =  \Sij\ = f t S ~ S ~ (2.37)
f rl =  (1 +  cr l ) (1 ~  cr3 tan  1{cr2f )) -  crl (2.38)
where
(2 .39)
29
f  =  2^  ^  +  ^  ^  +  £ .m n 5 jn )n « . t ] (2 4())
D =  D4 =  [(SyS.j -  i ln n ,,) ]2 (2.41)
Sij is given by Equation 2.4, and fljj in Equation 2.15 is modified as follows,
=  2 ~  ix f)  +  (2.42)
D S ij/ Dt are the components o f  the Lagrangian derivative o f  the strain rate tensor and all 
the derivatives should be defined with respect to the reference frame Q.Rot. The reference 
frame Q.Rot should be used only if  the reference frame itself is rotating. To select this 
correction in the fluid solver used herein, ANSYS Fluent, the curvature correction under 
option was chosen in the Spalart-Allmaras turbulence model dialogue box [66].
2.5 Computational Formulation
2.5.1 Fluid Solver
The commercial ANSYS Fluent software (version 14.0) [67] is used in the simulations 
conducted in this dissertation. The Finite Volume approach is used to discretize the 
computational field with a structured grid with a collocated cell centered variable 
arrangement. Second order discretization o f the momentum equations is employed. The 
diffusive terms are discretized using a second-order central-difference scheme. For the 
convective term a second-order finite-difference scheme is implemented. The pressure- 
velocity coupling algorithm has been utilized for the pressure-velocity coupling [68], 
with an implicit, second order scheme [69 and 70].
Two turbulence models are used in this dissertation. The two turbulence models 
are the modified Spalart-Allmaras model (SARRC) with a rotation/curvature based 
production and curvature treatment, and the Non-linear Eddy Viscosity Model (NLEVM)
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turbulence model. Both SARRC and NLEVM turbulence models are in ANSYS 
software. The SARRC turbulence model can be selected in ANSYS Fluent by choosing 
the SA turbulence model with strain/vorticity based production and curvature correction 
option as shown in Table 2.1. The NLEVM  turbulence model can be selected in ANSYS 
Fluent by choosing k~co model with W J-BSL-EARSM  option as shown in Table 2.2. For 
more information about the coding and using SARRC and NLEVM turbulence model 
options, refer to ANSYS Fluent Theory Guide [66].
Table 2.1. SARRC Turbulence model Dialogue Box selections in the fluid solver.
Selection
Turbulence Model Spalart-Allmaras (1 eqn)
Spalart-Allmaras Production Strain/Vorticity Based
Options Curvature correction is checked
Table 2.2. NLEVM dialogue box in the fluid solver.
Selection
Turbulence Model k-omega (2 eqn)
k-omega model WJ-BSL-EARSM
2.5.2 Structural Solver
Finite element analysis is used in this dissertation to model the two tails. The aeroelastic 
equations o f  motion o f  the vertical tails are given by
[M]{U} + [C]{U] +  [K]{U} =  [F] (2.43)
where:
[M] = structural mass matrix 
[C] = structural damping matrix 
[K] = structural stiffness matrix
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{0} = nodal acceleration vector
{0} = nodal velocity vector
{U} = nodal displacement vector
[F] = applied load vector due to Aerodynamic Loads
"ANSYS Mechanical" software was used in this simulation. The tail movement 
involves coupled bending and torsional oscillations. Therefore, shell elements were used 
in the structural simulations for the vertical tail o f  the F/A-18 aircraft. The shell element 
type used in this dissertation is SOLID 186 elements. The SOLID 186 element is a higher 
order, three-dimensional 20-node solid element; more details can be found in Ref. [71]. 
Also, in the present simulations, no structural damping was used and the consistent mass 
matrix was used. Consistent mass matrix leads to more accurate solutions, because it is 
constructed using the interpolation function used to describe the displacement field and 
thus is consistent with that of the stiffness matrix.
In the present simulations, linear solver is considered adequate. There are two 
types o f non-linear structural dynamics that might have been applied for the present 
problem (there is no contact non-linearity in this simulation): material non-linearity and 
geometry (large displacement) non-linearity. The material used in the structural analysis 
for the tails are wood and aluminum. Both wood and aluminum have constant moduli o f 
elasticity. Therefore, there is no need to use non-linear solver for theses linear materials. 
For the displacement simulation results, the displacement is far too small. The largest 
displacement ratio (max displacement/ max dimension o f  the tail) obtained during 
simulations is 2%, which is less than 5% (the threshold to use non-linear structural 
solver). Therefore, the stiffness matrix will be constant and it will not be a function o f  the
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displacement.
The structural solver supports two time integration algorithms, implicit and 
explicit. The implicit time integration methods in ANSYS are Newmark and 
Generalized-a. Implicit method is unconditionally stable. There are no restrictions on 
the time step. The time step size can vary to satisfy the time-accuracy requirement. 
Implicit methods require the inversion o f the stiffness matrix. The Generalized-a method 
covers WBZ- a, HHT- a  methods. The generalized-a method is useful in non-linear 
structural dynamics simulations and high frequency simulation problems incorporating 
many degrees o f freedom, and in which it is desirable to numerically attenuate (or 
dampen-out) the response at high frequencies. The generalized-a method has a numerical 
dissipation controlled by two parameters which should affect higher modes; lower modes 
should not be affected. The Newmark method controls the numerical dissipation with 
one parameter only. By selecting 8=0.5, a  =0.25; the Newmark method is called the 
constant average method and it does not induce any numerical dissipation in the solution. 
Explicit time integration method in ANSYS is the central difference time integration. 
Explicit methods are usually used for short-time, large, quasi-static problems with large 
deformations and multiple nonlinearities, and complex contact/impact problems, such as 
drop tests. Explicit methods are only conditionally stable; they require very small time 
step to maintain the stability limit. Explicit methods require the inversion o f  the mass 
matrix.
In the present simulations, the Newmark time integration implicit method is used, 
because the structural simulations in this dissertation are linear. Moreover, the main 
natural frequency, affecting the structure, is the first bending natural frequency, so there
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is no need to need to attenuate the higher frequencies. The Newmark implicit method 
does not have a numerical stability limitation on the time step.
2.5.3 Fluid-Structure Interaction
The normal and tangential force was transmitted by the conservative and consistent fluid- 
structure interface algorithm to the tails and the deflections of the tail was transmitted 
back to the fluid. The interfaces transmit the normal and tangential forces from the fluid 
grid to the structure grid in a conservative manner. Therefore, the sum o f all forces on 
the structure grid interface is equivalent to the sum o f all forces on the fluid grid 
interface. Each data transfer incorporates two algorithmic components: Mapping and 
Interpolation.
• Mapping involves the matching and pairing o f a source and a target location to generate 
weights. Every fluid node must be mapped to a solid element to receive displacements. 
Similarly, each structural mesh node in a solid element must be mapped to a fluid 
element to receive the force value.
• Interpolation involves the use o f  the generated weights to project source data onto target 
locations. More details can be found in Ref. [72].
2.5.4 Grid Motion Module
The fluid grid deforms at each time step to accommodate the deformed tails. The six 
outer boundary surfaces o f the computational domain are kept fixed. The grid is 
deformed using the dynamic mesh option in the fluid solver. More information can be 
reviewed in Ref. [72].
The experimental data used in this dissertation will be presented in the next
section.
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2.6 Experimental Data
The experimental data used in this dissertation for comparison is by W ashburn [26]. 
Washburn utilized a simplified geometry o f subsonic flow at a Mach number 0.3 over a 
76-deg delta wing at 30-deg angle o f  attack. Two vertical tails were placed downstream 
o f the delta wing. Each tail is modeled as a single aluminum spar covered with balsa 
wood covering, as shown in Figure 2.1. The aluminum spar is constructed from a 6061- 
T6 alloy. The tail construction can be reviewed in R ef [40 and 26], The pressure 
transducer locations on the right tail in the fluid solver are shown in Figure 2.2. A 
schematic o f the two vertical tails is shown in Figure 2.3.
The element selection and grid details, for structural and fluid domains, used in 
this dissertation will be presented in the next section.
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Figure 2.1. Schematic view o f the vertical tail construction and dimensions [37].
Transducer locations 
Location Chord Span
1 50% 90%
2 75% 50%
3 50% 50%
4 33% 50%
5 50% 30%.
mm
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Figure 2.2. The pressure transducer locations on the tail in the fluid solver.
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14.0
0013 0036
Figure 2.3. The two vertical tail schematic used in the structural solver.
2.7 Mesh Details
2.7.1 Structural Dynamics Mesh
A mesh dependency study was performed using 3 different meshes. Table 2.3 shows the 
maximum deflection and Von-Mises stress for 3 different grids. The second mesh was 
selected for the present simulations due to its convergence with the third mesh. The
unstructured mesh consists o f 200,411 elements. The structural mesh o f  the tail and the 
CFD cell projection on the tail is shown in Figure 2.4 and 2.5, respectively.
Table 2.3. Structural mesh dependency study results.
Grid 1 Grid 2 Grid 3
Number o f  elements 8233 200411 537339
Number o f  Nodes 15785 341394 834694
Max total deformation (mm) 1.643 1.658 1.66
Max Von-Mises stress (Mpa) 6.3836 6.3053 6.3234
Figure 2.4. Structural mesh o f  the tail in the structural solver.
■••■svs
Figure 2.5. Fluid mesh projection on the tail in the solver.
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2.7.2 Fluid Dynamics Mesh
A mesh dependency study was conducted using two meshes o f varying cell number. Each 
mesh was processed using the NLEVM turbulence model and steady-state case for 300 
iterations. The first mesh consists o f 3,807,924 elements. The refined mesh consists o f  
4,297,360 elements. A comparison o f the pressure on the wing upper surface at a distance 
o f 0.13 m from the tip for both meshes is shown in Figure 2.6. From Figure 2.6, no 
further refinement was required. The mesh o f  3,807,924 elements will be used in the 
present simulation.
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Z["»]
Fine Mesh —  Used Mesh
Figure 2.6. Fluid mesh comparison o f the pressure distribution on the upper surface o f  the 
wing at a distance o f  0.13716 m from the wing tip. One-way fluid-structure interaction
case.
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A time step study was conducted. Two tim e steps were used. Figure 2.7 shows the 
amplitude difference between the two time steps: 10'3 and 5X10"4 sec. Figure 2.7 shows a 
similarity in the frequency o f the cycles and different amplitudes with a max deviation o f 
20%. Other researchers [40 and 41] recommend a time step o f 10’5 sec. A time step 
o f 10’3 sec was utilized in this dissertation for a total time o f  0.1 sec. This time step was 
chosen to demonstrate the amount o f fidelity that can be achieved by the investigator by 
optimizing the available computational power.
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Figure 2.7. Time step check study. Two-way fluid-structure interaction case.
The used CFD mesh is a multi-block of unstructured grids consisting o f  3 blocks. 
Finer meshes were used in the tail and wing area because this is the area where the 
vortices above the wing formed and hit the two vertical tails. The computational grid.
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generated by ANSYS ICEM CFD mesh generation software for the fluid solver is shown 
in Figures 2.8, 2.9, 2.10 and 2.11.
The 76-deg delta-wing/twin-tail configuration used in the fluid solver is at an 
angle o f  attack o f 30-deg, a subsonic flow o f a Mach num ber 0.3 and a Reynolds number 
o f 3 .7 x l0 6.
Figure 2.8. Fluid mesh. Full symmetry z-plane view o f the delta wing/twin-tail
configuration.
0250 0 750
Figure 2.9. Fluid mesh. Three-dimensional view o f the delta wing/twin-tail configuration.
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Figure 2.10. Fluid mesh. Full symmetry y-plane view o f  the delta wing/twin-tail
configuration.
AW
1 i r,
Figure 2.11. Fluid mesh. Three-dimensional close-up view o f the delta wing/twin-tail
configuration.
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2.8 Summary
The advantages o f  the two non-linear NLEVM  and SARRC turbulence models were 
demonstrated and compared to the standard Wilcox k~co and Spalart-Allmaras 
turbulence models; respectively. Both SARRC and NLEVM turbulence models depend 
more on rotation and strain-rate which lead to improved pressure values at the vortex 
core. The two non-linear NLEVM and SARRC turbulence models depend more on both 
rotation and strain-rate. Therefore, NLEVM  and SARRC turbulence model were utilized 
in the simulations conducted in this dissertation to simulate the vortical flow above a 
delta wing and the associated tail buffet.
The following chapter shows the simulation results conducted by using ANSYS. 
The simulation was conducted by using a steady-state a one-way fluid-structure 
interaction and an unsteady two-way fluid-structure interaction for the tail buffet of 
simplified geometry o f  a F/A-18 fighter.
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CHAPTER 3 
RESULTS AND DISCUSSION OF RESULTS
In this chapter, the simulation results for the vortical flow over a delta wing are 
presented. Computed pressure values on the tail surface were compared with the 
experimental data conducted by Washburn [26], The simulations were conducted by 
using a simplified geometry o f W ashburn [26]. Two vertical tails were placed 
downstream of the delta wing. The simulations were conducted for the following flow 
conditions: subsonic flow at a Mach number 0.3 and a Reynolds num ber o f  3 .7x 106 over 
a 76-deg, sharp-edged, delta wing at 30-deg angle o f attack. The simulations were 
conducted on an Intel Core 2 Duo 2.66 GHz processor and 16GB RAM computer.
3.1 Results for Steady RANS, One-Way Fluid-Structure Interaction Case
In one-way fluid structure interaction simulation, the fluid domain solver ANSYS Fluent 
ran first until a converged solution is obtained. The fluid domain converged solution was 
used as an external force to the structural domain solver ANSYS Mechanical. Then, the 
structural domain solver ANSYS Mechanical runs until a converged solution was 
obtained. No marching in physical time was conducted in the steady one-way fluid 
structure interaction simulations.
The steady one-way fluid structure interaction simulations were conducted to 
confirm that the simulation code was able to predict the main flow features. Due to the 
unsteady nature o f the physical flow and the movements o f  the tails effect on the flow, 
which were not considered in these steady RANS, one-way fluid-structure interaction 
computations, large errors in pressure value prediction near the vortex cores were 
expected.
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Four cross planes used to plot the total pressure contours are shown in Figure 3.1.
0 450 0.900 (m)
0 225 0  675
Figure 3.1. Cross planes location used to plot total pressure contours.
Presented in Figure 3.2 are comparisons o f  the SARRC- and NLEV M -com puted 
vortex core trajectories with experimental data. There is a good agreement with a 
maximum difference o f 14% between the experimental and numerical data for the 
trajectories o f  the vortex core. No previous comparisons were conducted for the vortex 
core trajectories with experimental data by other researchers listed in the literature review 
chapter.
Figures 3.3 and 3.4 show the total pressure contours for the upper surface o f  the 
wing using SARRC and NLEVM turbulence models. Figures 3.3 and 3.4 show the extent 
o f the vortex and that the agreement between SARRC and NLEVM is fairly good. The 
increase o f the total pressure indicates the vortex breakdown. The breakdown o f the two
45
vortices is symmetric. The vortex breakdown locations are almost the same for both 
turbulence models.
0 16
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"•— SARRC
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Figure 3.2. Vortex core trajectories. One-way fluid-structure interaction case.
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Figure 3.3. Three-dimensional view showing the total pressure contours on wing upper 
surface and tails. One-way fluid-structure interaction case.
46
Total Pressure
Total Pressure Contour on Wal surfaces 
3 2599+003
2 2919+003 
1 3229+003
3 5339+002 
1  -6 1549+002
-1 5849+003 
-2 5539+003 
•3 5219+003 
-4 4909+003 
-5 4599+003 
-6 4279+003 
-7 396e+003 
-8 3659*003 
-9.3339+003 
r il -1.0309+004 
■  -1 127e+004 m -1 2249+004 
[Pa]
Total Pressure
Total Pressure Contour on w ai surfaces 
| 3 2869+003
2 3149+003 
! 1 341e+003
3 6709+002 
-6 0679+002 
-1 5809+003 
-2 5549+003 
•3 5289+003
I -4 5029+003 
[ -5 4759+003 
-6 4499+003 
-7 4239+003 
-8 3979+003 
-9 3709+003
1 -1.0349+004 -1 1329+004 12299+004
Pa]
(a) SARRC
(b) NLEVM
Figure 3.4. Top view showing the total pressure contours on wing upper surface. O ne­
way fluid-structure interaction case.
Figure 3.5 shows the snapshots o f total pressure contours at four different cross 
flow planes using SARRC and NLEVM turbulence models. The flow structure can be 
viewed rather clearly. As flow moves downstream, the enlargement and weakening o f  the 
vortices can be observed. The two wing vortices impinge on the two tails. Good 
agreement was observed between the two turbulence models with a maximum difference 
o f 2% in the vortex core region.
Figure 3.6 shows the pressure distribution on the upper surface o f  the delta wing 
for the two turbulence models. The locations o f  the effect o f  the two vortices on the wing 
upper surface can be found at the suction peaks. Both o f  the turbulence models show a 
good agreement for the surface pressure distribution.
(2)
I
SARRC
(3 )
(4 )
NLEVM
Figure 3.5. Total pressure contours on cross flow planes (1) x= 0.2 m (2) x= 0.4 m 
(3) x= 0.62 m (4) x= 0.7 m. One-way fluid-structure interaction case.
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Figure 3.6. Pressure distributions on the upper surface o f the delta wing. One-way fluid-
structure interaction case.
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Figure 3.7 shows the stream lines across the wing. The stream lines, retraced from 
a line below the wing apex, enable showing the shape o f the two vortices. A good 
agreement between the two models is observed. The formation o f the two vortices can be 
noticed on the upper surface o f the delta wing. By tracing the vortex cores, the cores 
started to breakdown where the stream lines bell out.
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(b) NLEVM
Figure 3.7. Stream lines through the vortex core. One-way fluid-structure interaction
case.
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Table 3.1 shows the comparison o f  the RMS-computed non-dimensional pressure 
difference at the five specified transducer locations o f the inner and outer surfaces o f  the 
right tail. The simulation results are compared with the experimental data by W ashburn 
[26] (refer to Figure 2.1 for pressure transducers locations.) Results from both models 
deviate from the experimental data, with an average o f 660% for NLEVM turbulence 
model and 535% for SARRC turbulence model. As expected, this is due to the unsteady 
nature o f the physical flow and the movements o f  the tails effect on the flow, which are, 
o f course, neglected in the steady RANS, one-way fluid-structure interaction 
computations. The steady one-way fluid structure interaction simulations were conducted 
to test if  the computer code was able to predict the main flow features.
Table 3.1. One-way fluid-structure interaction case with steady-state computations. 
Comparison o f the RMS values o f non-dimensional pressure differences at five specified 
transducer locations o f  the inner and outer surfaces of the right tail.
Transducer 1 2 3 4 5 Average
Experimental 0.090 0.063 0.170 0.167 0.070
CFD SARRC 0.462 0.004 0.124 0.386 0.717
% Difference 413.3 94.4 27.2 130.9 2009.3 535.0
CFD NLEVM 0.446 0.160 0.156 0.379 0.924
% Difference 395.6 154.0 8.2 126.7 2619.1 660.7
3.2 Results for steady LES, One-Way Fluid-Structure Interaction Case
A comparison between the RANS NLEVM turbulence model and LES were 
conducted for a steady, one way fluid-structure interaction simulation o f the wing only. 
LES simulations require much finer grid and sm aller time step. The twin-tails were not 
included in these simulations to reduce the large computational run time required by LES
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simulation. The mesh consists o f 1,131,237 elements. Due to the filtering technique 
used in LES, LES simulation is a transient simulation where the solution is marched in 
pseudo time, i.e. not physical time. The LES simulation was conducted with a time step 
o f 10'3 sec and by using algebraic W all-Modeled LES (WMLES) for subgrid-scale 
model. Simulations o f the flow were continued up to the time when the flow was 
approximately statically steady. A comparison o f the pressure on the wing upper surface 
at a distance o f  0.32 m from the tip for both models is shown in Figure 3.8. A good 
agreement is observed between the two models with a maximum difference o f  3% in the 
right suction peak.
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Figure 3.8. Comparison o f the pressure distribution on the upper surface o f  the wing at a 
distance o f 0.32 m from the wing tip for RANS NLEVM turbulence model and LES 
simulations. One-way fluid-structure interaction o f the wing-only case.
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A comparison o f wall clock time per iteration and time to convergence for the two 
non-linear RANS turbulence models and LES simulation was conducted. The 
simulations for the comparisons were conducted for a steady one way fluid-structure 
interaction simulation o f the wing-only as shown in Table 3.2. It is observed that the 
LES steady simulation is approximately 16 and 13 times more computationally expensive 
to iterate than the two RANS turbulence models SARRC and NLEVM; respectively. 
Also observed in Table 3.2 is that LES steady simulation is approximately 5.2 and 4.4 
times more computationally expensive to converge than the two RANS turbulence 
models SARRC and NLEVM; respectively. Due to the high computational cost required 
for the LES simulations, the two-way fluid-structure interaction simulations will be 
conducted using RANS. Moreover, the NLEVM turbulence model simulation was 
approximately 1.18 times more computationally expensive to converge and to iterate than 
the SARRC turbulence model.
Table 3.2. One-way fluid-structure interaction wing only case. Comparison o f  the 
simulation wall clock time per iteration and physical time to converge for the two non­
linear RANS turbulence models and LES.
SARRC NLEVM LES
Wall clock time per iteration fsec] 37.29 44.14 576.68
Time to convergence fhr] 4.76 5.60 24.50
3.3 Results for Unsteady RANS, Two-Way Fluid-Structure Interaction Case
In two-way fluid structure interaction simulation, the fluid domain solver ANSYS Fluent 
and the structural domain solver ANSYS Mechanical run simultaneously every time step. 
Both solvers exchange data. The fluid domain solver ANSYS Fluent exports forces to 
the structural domain solver ANSYS M echanical. The structural domain solver ANSYS
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Mechanical exports displacement to the fluid domain solver ANSYS Fluent. Both domain 
solvers iterate and stop when the domain solver reaches its convergence target or the 
specified max number o f  iterations. Solver iterations within each time step are conducted 
and stop when the forces / displacements reach their convergence targets target or the 
specified max number o f iterations.
The two-way fluid-structure interaction simulations have been conducted for a 
physical time o f 0.1 sec using SARRC and NLEVM  turbulence models with 10'3 sec time 
step. This time step was chosen to demonstrate the amount o f  fidelity that can be 
achieved by optimizing the available computational power. Results at 0.01 sec will be 
presented. Finally, the time history o f  the tip displacement will be presented. The present 
investigation is the first ever study o f a tail buffet problem with a two-way fluid-structure 
interaction and using the two non-linear turbulence models: NLEVM, and SARRC.
3.3.1 Results at 0.01 Seconds, Two-Way Fluid-Structure Interaction Case
Figures 3.9 and 3.10 show the total pressure contours for the upper surface o f  the wing 
using SARRC and NLEVM turbulence models. The increase o f  the total pressure 
indicates the vortex breakdown. Figures 3.9 and 3.10 show the footprint o f  the two 
vortices in the region o f high suction and the gradual decrease o f suction as the vortices 
move downstream after the breakdown. The agreement between SARRC and NLEVM  is 
very good. The two vortex breakdowns are symmetric. The vortex breakdown locations 
are almost the same for both turbulence models.
Figures 3.11 shows snapshots o f total pressure contours at four different cross 
flow planes using SARRC and NLEVM turbulence models and allow the structure o f  the 
flow to be computed clearly. A gradual decrease o f  vortex core total pressure and
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increase in the core size as the vortex moves downstream can be noticed due to the vortex 
breakdown. The minimum of the total pressure contour occurs at the vortex core. A 
significant total pressure gradient can be noticed near the tail surface at x = 0.62 m cross 
plane. The two wing vortices impinge on the tw o tails. It can be noticed that there is a 
little asymmetry between the left and right vortex, especially in the vortex core. This is 
due to the unsteady nature o f  the vortex breakdown, which was confirmed by the 
experimental data by Lee [25]. A good agreement between the two turbulence models in 
the relative strength o f the total pressure values and the geometry o f  the vortex can be 
noticed. The maximum difference o f the total pressure between the two turbulence 
models is 0.2% in the vortex core region.
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Figure 3.9. Three-dimensional view showing the total pressure contours on wing upper 
surface and tails. Two-way fluid-structure interaction case at 0.01 sec.
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Figure 3.10. Top view showing the total pressure contours on wing upper surface. Two- 
way fluid-structure interaction case at 0.01 sec.
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Figure 3.11. Total Pressure Contours on cross flow planes (1) x= 0.2 m (2) x= 0.4 m
(3) x= 0.62 m (4) x= 0.7 m. Two-way fluid-structure interaction case at 0.01 sec.
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Figure 3.12 shows the pressure distributions on the upper surface o f the delta 
wing for the two turbulence models. The effect o f the two vortices on the wing upper 
surface can be found in the two suction peaks. Both o f the turbulence models show a 
good agreement for the surface pressure distribution. There is an asymmetry at the line 
drawn 0.13 meter from the wing apex for both o f the turbulence models. Comparison o f 
the suction peak pressure magnitudes for both one-way and two-way simulations, show 
that the peaks o f the two-way simulations are lower at x=0.32 m and x=0.41 m than those 
o f the one-way case. This is an indication o f the weaker core and that the breakdown 
occurs earlier in the two-way simulations.
- 2,000 - 2,000 -
-4,000 -4,000-
*  -6,000-- 6,000w
- 8,000 - 8,000
- 10,000 - 10,000-
- 12,000 - 12,000
-14,000 -14,000 ;.. ,..........
-0.15 -0.1 -0.05 0
Z [ m ]
—  X=0.13716 m —  X= 0.2286 m —  X= 0.32 m —  X= 0.41148 m
-0.15 -0.1 -0.05 0 0.05 0.1
Z[m]
—  X=0.13716 m —  X= 0.2286 m —  X= 0.32 m
0.05 0.1
— X= 0.41148 m —  Trailing Edge —  Trailing Edge
(a) SARRC (b) NLEVM
Figure 3.12. Pressure distributions on the upper surface o f  the delta wing. Two-way fluid-
structure interaction case at 0.01 sec.
Figure 3.13 shows stream lines across the wing. The stream lines were retraced 
from a line below the wing apex enabling the two vortex structures to be obtained. A 
good agreement between the two models can be noticed. The vortex is initially stable and
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intact, and then it experiences a breakdown above the surface o f the wing which results in 
sudden enlargement o f  the vortex core size and a highly disturbed wake.
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Figure 3.13. Stream lines through the vortex core. Two-way fluid-structure interaction
case at 0.01 sec.
Figures 3.14 and 3.15 show the total pressure below the vortices on the wing 
surface. The breakdown location could be identified from this graph at 0.15 m from apex. 
A good agreement between the two turbulence models can be noticed.
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0.050
Figure 3.14. Line under vortex core on wing upper surface used to draw the total
pressure.
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Figure 3.15. Total pressure under vortex core on wing surface. Two-way fluid-structure
interaction case at 0.01 sec.
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3.3.2 Time History Results, Two-Way Fluid-Structure Interaction Case
The time history o f the rear tip bending displacement in lateral direction to the flow for 
the SARRC and NLEVM turbulence models o f  the right tail is shown in Figure 3.16. The 
amplitude and frequency o f vibration is similar for both turbulence models at the 
beginning until 0.02 sec and both o f them are close to being periodic. Afterwards they 
start to deviate and both show a lack o f periodicity. In the beginning, the tail starts to 
move from rest and the applied force is due to the flow initial conditions. Later on, due 
to the difference between the turbulence models, the flow conditions change around the 
tails. The unsteady nature o f the vibration o f the tail tip can be noticed.
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Figure 3.16. Time history o f the right tail tip Z direction displacement. Two-way fluid-
structure interaction case.
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The time histories o f the surface total pressure are used to calculate the 
differential pressure as the difference between the inner and the outer surface pressure 
values on the right tail. These values are root-mean-square (RMS) averaged. Shown in 
Tables 3.2 and 3.3 are the comparison with the experimental data conducted by 
Washburn [26] at 0.02 and 0.1 sec; respectively, o f  the computed RMS non-dimensional 
pressure difference at the five specified transducer locations o f  the inner and outer 
surfaces o f the right tail, refer to Figure 2.1 for pressure transducers location. In Table 
3.3, agreement between the two turbulence models is observed considering the relatively 
short computational time. Both SARRC & NLEVM  turbulence m odels’ computations 
differ from the experimental data with averages o f  127% and 124%, respectively. Overall 
the NLEVM turbulence model gave a slightly enhanced agreement than SARRC 
turbulence model. The large error percentages in Table 3.3 are due to the short-than-ideal 
run times o f  these two-way fluid-structure interaction simulations (0.02 sec). A better 
error percentage should be expected by running the simulations for a longer time.
Table 3.3. Two-way fluid-structure interaction cases for a total simulation time o f  0.02 
sec. Comparison o f  the computed RMS non-dimensional pressure difference at the five 
specified transducer Locations o f  the inner and outer surfaces o f  the right tail.
Transducer Location 1 2 3 4 5 Average
Experimental 0.090 0.063 0.170 0.167 0.070
CFD SARRC 0.141 0.074 0.199 0.279 0.196
% Difference 57.3 18.7 16.5 67.2 478.4 127.6
CFD NLEVM 0.141 0.078 0.193 0.275 0.192
% Difference 57.5 24.3 13.1 64.4 464.7 124.8
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Additional analyses were conducted by running the simulations for a longer time. 
Table 3.4 shows the result for the 0.1 sec simulation. Better results occurred especially 
for pressure transducer 5 when compared at 0.02 sec simulations. The average error 
dropped to 49% for NLEVM turbulence model and 52.6% for SARRC turbulence model. 
Some points were much closer to the experimental data, within 3.7% for NLEVM 
turbulence model and 10.9% for SARRC turbulence model. Overall, the NLEVM 
turbulence model gave better agreement with experimental data than SARRC turbulence 
model as expected. The enhancement o f  the average difference o f the RMS total pressure 
simulation data with experimental data can be noticed from Table 3.3 to Table 3.4. This 
is because the simulation was run for a longer time and two-way fluid-structure 
interaction was considered. Better RMS total pressure values should be expected if  the 
simulations were run for even longer time, such as 0.5 sec.
Table 3.4. Two-way fluid-structure interaction cases for a total simulation time o f  0.1 sec. 
Comparison o f the computed RMS non-dimensional pressure difference at the five 
specified transducer Locations o f the inner and outer surfaces o f  the right tail.
Transducer Location 1 2 3 4 5 Average
Experimental 0.090 0.063 0.170 0.167 0.070
CFD SARRC 0.013 0.052 0.189 0.258 0.00097
% Difference 84.7 15.9 10.9 54.6 97.1 52.6
CFD NLEVM 0.011 0.070 0.164 0.244 0.00069
% Difference 87.1 11.8 3.7 46.0 97.9 49.3
SARRC turbulence model is based on the one-equation turbulence model the 
Spalart-Allmaras. Moreover the Spalart-Allmaras model coefficient was derived from 
experimental data for types o f  flow which is different than the vortical flow o f  this
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problem. A one-equation turbulence model provides one independent transport equation 
for the un-damped eddy viscosity. The NLEVM  turbulence model is based on the two 
equation turbulence model, Wilcox k  — (o. The two-equation turbulence model provides 
two independent transport equations for the dissipation and the turbulent kinetic energy. 
With the specification o f these two variables, two-equation models can capture more flow 
characteristics when compared to the one-equation turbulence models. On the other hand, 
NLEVM turbulence model is computationally more expensive than SARRC turbulence 
model as it involves the solutions o f two transport equation compared to one equation for 
SARRC turbulence model. A comparison o f the simulation wall clock time per iteration 
and physical time to converge for the two non-linear RANS turbulence models were 
presented in Table 3.2.
Table 3.5 shows a comparison between one and two-way fluid-structure 
interaction simulation cases by using the two non-linear eddy viscosity turbulence models 
SARRC and NLEVM. This comparison o f  the results gave an indication that the time 
averaged steady-state, one-way simulations are not able to predict the RMS values o f  the 
pressure on the tails. For two-way fluid-structure simulations, NLEVM turbulence model 
gives better pressure results because o f the smaller production o f the turbulence in the 
vortex core. This leads to less vorticity diffusion, resulting in a stronger vortex. A 
stronger vortex indicates high velocity and low pressure within the vortex core.
Table 3.6 lists the average error between the computed RMS pressure values for 
two-way fluid-structure interaction simulations by using linear eddy viscosity turbulence 
models by other researchers and the current two-way fluid-structure interaction 
simulations. In Table 3.5, simulation results were compared with the experimental data.
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The results by Sheta [40] and Guillaume [41] were supported by a large research team for 
much longer periods. In the present study, considering the available computational 
resources, very good results were obtained by for a simplified geometry o f  the F/A-18.
Table 3.5. Comparison o f the numerically computed RMS non-dimensional pressure 
difference average error on the tail surface for one and two-way fluid structure interaction 
cases by using SARRC and NLEVM  turbulence models.
Simulation case Turbulence model Average error between the computed RMS pressure values and experimental data
SARRC 535.0%
un e  way NLEVM 660.7%
SARRC 52.6%i wo w ay NLEVM 49.3%
Table 3.6. Two-way fluid-structure interaction simulations o f a F/A-18 tail buffet. 
Comparison o f  the numerically computed RMS non-dimensional pressure differences, 
average error on the tail surface by different researchers.
Researcher Average error between the computed RMS pressure values and experimental data
F /A -18 model
Massey [38] 63% Simplified Geometry
Leviniski [1] 40% Simplified Geometry
Sheta [40] 37% Full-scale
Guillaume [41] 32% Full-scale
Present study SARRC 52.6% Simplified Geometry
Present study NLEVM 49.3% Simplified Geometry
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CHAPTER 4 
CONCLUSIONS AND RECOMMENDATIONS
4.1 Conclusions
A computational model for the prediction o f the unsteady aeroelastic behavior o f 
a flexible tail under buffet-induced loads has been investigated. The URANS equations 
with two non-linear turbulence models have been used to model the flow and finite 
element analysis by using shell elements to model the structural dynamics o f  the tail. The 
fluid solver ANSYS Fluent was used in the fluid domain simulations. The two 
turbulence models are the modified Spalart-Allmaras model (SARRC) with a 
rotation/curvature based production and curvature treatment, and the Non-linear Eddy 
Viscosity Model (NLEVM) turbulence model. The NLEVM  turbulence model is based 
on the standard Wilcox k -co model and uses the formulation o f  an explicit algebraic 
Reynolds stress model proposed by Wallin and Johansson to model the Reynolds 
stresses. Both SARRC and NLEVM turbulence models are in ANSYS software.
The structural solver ANSYS Mechanical was used in the tail simulation. The vertical tail 
o f  the F/A-18 aircraft is modeled using SOLID186 elements.
The experimental data used for comparison are by Washburn [26], Washburn 
obtained data on a simplified geometry: a Mach 0.3 flow and a Reynolds number o f 
3 .7x106 past a 76-deg delta wing pitched to 30-deg angle o f  attack. Two vertical tails 
were placed downstream o f the delta wing.
The present work is the first ever study o f  a tail buffet problem with a two-way 
fluid-structure interaction and using the two advanced non-linear turbulence models: 
NLEVM and SARRC. The steady-state, time-averaged, one-way fluid-structure
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interaction case indicates that both NLEVM and SARRC turbulence models results do 
not compare well with the experimental data. These results were expected for the steady- 
state, one-way simulations, because it involved no force and displacement transfer from 
the structure to the fluid solver. The steady one-way fluid structure interaction 
simulations were conducted to confirm that the simulation code is able to predict the 
main features o f the flow. A comparison between LES and steady RANS simulation was 
also conducted for the wing only. Both LES and steady RANS models were able to 
predict the two vortices and their effect on the wing surface. Due to the high 
computational cost required for the LES simulations, the two-way fluid-structure 
interaction simulations were conducted for the two RANS turbulence models SARRC 
and NLEVM only.
For the unsteady two-way fluid-structure interaction case, both models result in 
more favorable agreement with the experimental data by optimizing the available 
computational resources, particularly when compared to prior simulations by other 
researchers. Results from the NLEVM turbulence model produce improved pressure 
values on the tail as compared to the results from the SARRC turbulence model.
Therefore, it is concluded that the buffet problem should be modeled and 
simulated as a two-way fluid-structure interaction. Also, NLEVM turbulence model is 
recommended in predicting vortical flow characteristics over a delta wing. This is 
particularly necessary to predict the pressure values not only over the aircraft’s surfaces 
but also the tails since they experience the wake o f  the vortices.
4.2 Recommendations
Based on the current simulation results, the following recommendations should be 
considered in future research:
1. The simulations should be conducted by using a smaller time step.
2. More comparisons with different experimental data should be conducted at 
different Reynolds numbers to validate these models.
3. By optimizing the available computational resources for the pre-compiled 
software executable file used, the simulation run time was chosen as 0.1 sec. 
Running the simulations longer would be recommended. Other researchers 
recommended 0.5 sec to capture the main frequencies o f the flow.
4. For higher-fidelity results, it is recommended to use DES based on SARRC and 
NLEVM for the two-way fluid-structure interaction simulations.
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